Introduction
1 Downbursts as a special class of straight-line wind events present a considerable hazard not 2 only to property and human lives, but in particular to aircraft during take-off and landing (cf. 3 Fujita, 1981 3 Fujita, , 1985 Fujita and McCarthy, 1990; Doswell, 2001 ). Due to their higher frequency 4 of occurrence, they easily outweigh the threat posed by tornadoes, even though that exists in 5
Europe as well (e. g., Roach and Findlater, 1983; Bech et al., 2007) . 6 The common terminology classifies downbursts into the sub-categories microburst and 7 macroburst, where the latter term is used if the areal extent of the wind damage exceeds 4 km 8 (the threshold between misoscale and mesoscale, Fujita, 1981 ). Yet, throughout this paper 9 which analyses both micro-and macroburst cases, we will mainly use the generic term 10 "downburst". A further phenomenological distinction is made between dry downbursts (e. g., 11 Wakimoto, 2001 ) and wet downbursts (e. g., Fujita, 1985) . Wet downbursts are characterised 12
by heavy precipitation at the ground, either rain or hail. Dry downbursts only require light 13 precipitation at the level of downdraft initiation which quickly evaporates during descent of 14 the air mass, such that usually no precipitation reaches the ground. This makes early detection 15 of dry downbursts using Doppler radars and eye observations quite difficult and enhances the 16 threat that they pose to low-flying aircraft. However, dry downbursts are apparently very rare 17 events in Central Europe, as they require the presence of very deep and nearly adiabatic 18 subcloud layers which are seldom present in this region. To the authors' knowledge, dry 19 downburst reports in Europe are currently anecdotal, at best. 20 Wet downbursts, like the cases we present here, are easier to detect both by radar and 21
by eye due to their dense precipitation core. Nevertheless, the distinction between a rain shaft 22 with or without high winds strongly depends on the thermodynamic stratification of the air 23 mass and on the presence of a layer with high horizontal momentum near the level of 24 downdraft initiation. Relying solely on the visual or radar appearance of an intense 25 thunderstorm does not easily allow for a decision if high winds have to be expected from it. 26
This may lead to warnings being issued too late (or not at all) and consequently to damage at 27 the ground which could have been avoided or mitigated in principle. Faust (1948) Meischner et al., 1991; Höller, 1994; Höller et al., 1994) , for which the infamous Munich 22 hailstorm of 12 July 1984 (Heimann and Kurz, 1985; Höller and Reinhardt, 1986 ) is an 23 example with a total damage close to 1 billion EUR. In this paper, we will analyse (bistatic) 24 polarimetric Doppler radar data from the VERTIKATOR IOP events and use the observations 25 to test recent findings by Atlas et al. (2004) emphasizing the role of melting small hail for 26 initial downdraft formation. 27 Another aspect in studying severe local storms is to investigate their predictability 28 using radar-based nowcasting tools or numerical simulations. Potential impacts by global 29 climate change on the frequency, size and intensity of these events are also being studied 30 extensively. As a contribution to the ongoing project RegioExAKT (www.regioexakt.de) -31 aside from the radar nowcasting aspect -we will investigate in the second part of this study 32 the predictability of the VERTIKATOR downbursts (and related cases) based on different 33 formulations of the WINDEX (McCann, 1994) and GUSTEX (Geerts, 2001 ) indices. Our 34 motivation to use these was that both parameters can be derived with little computational 1 effort from operational atmospheric soundings and thus can be routinely made available 2 shortly after completion of a sounding. A further motivation to test parameters like these is 3 that they can also be derived from reanalysis data (cf. Brooks et al., 2003 Brooks et al., , 2007 or regional 4 climate model runs for climate change scenarios. This will allow for a statistical comparison 5 between the "index climatology" now and in the future scenario. 6 Our paper is organised as follows: Sec. 2 provides the necessary background 7 information on downburst climatology and formation mechanisms. Three downburst-8 producing thunderstorms are exemplarily analyzed in Sec. 3, while Sec. 4 investigates the 9 predictability of the downbursts events and compares the VERTIKATOR events to other case 10 studies, either in the same region (Dotzek et even affecting larger parts of Germany (Gatzen, 2004) . Secs. 5 and 6 present discussion and 12 conclusions. 13 
14
2 Downburst climatology and formation mechanisms 15 
16

Downburst climatology in Germany 17
In order to assess how representative the present downburst cases are, it is necessary to review 18 the German downburst climatology first. This will show if the 2002 downbursts were typical 19 events or more exceptional, and provides a basis for comparison to the German tornado 20 climatology recently investigated by Dotzek et al. (2000) and Dotzek (2001 Dotzek ( , 2003 . The diurnal cycle is given in Fig. 1b . Peak activity is limited to the afternoon and 3 evening hours, with some further activity during the night, resembling the thunderstorm daily 4 cycle (cf. Wegener, 1917) . The downbursts during VERTIKATOR occurred in the afternoon 5 or evening, so with this respect, the present cases are quite typical. The annual cycle of 6 downbursts is given in Fig. 1c for each month. A dominant July maximum of downburst 7 activity is obvious. Generally, from May to August, the chances for downbursts to occur are 8 significant, also resembling the thunderstorm annual cycle. There is a weak secondary 9 maximum in mid-winter, likely related to embedded thunderstorms within the fronts of 10 extratropical cyclones. The VERTIKATOR downbursts considered here and by Dotzek and 11 Friedrich (2003) Fujita's F-scale (Fujita, 1971 (Fujita, , 1981 Fujita and Pearson, 1973) Figs. 1e,f are limited to the range up to F3, consistent with findings from the USA (e. g., 27 Fujita, 1981 27 Fujita, , 1985 . Cases of F1 and F2 intensity make up the majority of reports. Note that in 28 Brooks and Doswell, 2001 , illustrating this for the French tornado record). Therefore, Fig. 1f  33 
VERTIKATOR cases
23
This section presents a radar analysis of the evolution of storms during the VERTIKATOR 24 campaign in which severe hail and wind damage occurred at the ground: According to the 25
TorDACH storm reports, all storms studied here had both damaging straight-line winds and 26 large hail. On all three days, thunderstorms first formed over the northern Alps and then 27 moved rapidly towards the northeast into the observational area ( F0 microbursts occurred from isolated storms south and southeast of the radar at about 50 km 29 range. One day later, an F1 macroburst developed from a longer-lived storm. The area of 30 downburst damage was located ~25 km south of the radar. On 9 July, of several storms which 31 later merged into a linear system, one with supercell characteristics produced an F1 32 microburst southwest of Munich at ~15 km range from the radar. Fig. 2a illustrates the 33 location of these events in the radar reference frame, and Table 1 provides a synopsis of the 1 basic convective parameters on the days studied here, as well as for some other events which 2 will be studied in Sec. 4. 3 The platform to study the VERTIKATOR storms was the C-band (5.5 cm 4 wavelength) polarization diversity Doppler radar POLDIRAD at DLR (Schroth et al., 1988) . 5
It provided three-dimensional information on thunderstorm dynamics and microphysics, 6 allowing for identification of different hydrometeor types in the thunderclouds and their anvil 7 regions. Additional bistatic receiver locations at Ried, Lechfeld, and Lichtenau (cf. Fig. 2a,b  8 and Friedrich, 2002) simultaneously measured several individual wind components. So the 9 wind vector field could be determined within the shaded regions in Fig. 2b in real-time. The 10 20 June downburst passed right through the optimal bistatic sector (dark-grey shaded area in 11 Thunderstorms on this day were relatively short-lived and occurred out of the field of view of 28 the bistatic POLDIRAD receivers (Fig. 2b) . So for this day, only the radial velocity and 29 polarimetric quantities Z h , ZDR, and LDR are available. However, some of the weak 30 downbursts on this day have also been documented by storm chasers, so radar and ground 31 observations can be compared. 32 kilometres AGL) were ideally met, as also the wind shear at mid-to upper-tropospheric levels 5 was mainly unidirectional, with backing winds at low levels indicative of cold air advection, 6 damping the thunderstorm initiation from the upper-level forcing. So it is plausible that only 7 weak F0-downbursts occurred on this day. 8 Nevertheless, some storms were able to attain echo tops exceeding 13 km AGL 9 (Fig. 4a) . The cell shown here is typical for the storms developing on this day. There is a tall, 10 narrow reflectivity core peaking at 60 dBZ which overshoots the anvil level considerably. The 11 hydrometeor distribution in Fig. 4b accordingly classifies the core region of the storm as 12 dominated by large hail, and by large raindrops in the transition zone towards the stratiform 13 anvil region (classes 5 and 8 in Table 2 ). Regions with small or melting hail (class 4 in 14 Table 2 ) make up only a small fraction of the radar volume, however hydrometeor classes 4, Table 2 ) on the cell's flank towards the radar, while the cell core is indeed 34 dominated by large hail (classes 5-7 in Table 2 ), as already suspected from the reflectivity 1 field and the hailspike. While the storm contained a substantial amount of larger hail, also 2 melting of small hail or graupel particles may well have contributed to the initiation of the 3 downburst, which was later followed by the 3 cm hailstones at the ground from the storm's 4 core. 5 6
F1 macroburst: 21 June 2002 7
Another short-wave trough reached southern Germany, and more vigorous storms developed 8 on this day. This was likely due to stronger vertical wind shear and higher CAPE compared to 9 20 June (cf. Fig. 3 and Table 1 ) and the absence of low-level cold air advection. One 10 hailstorm (maximum hailstone size 3-4 cm reported on the ground) produced a macroburst at 11 about 1500 UTC, with an 18 km long, high-F1 damage swath ~25 km SSW of the radar 12 location, affecting rural and urban areas. This storm moved right through the area of the 13 bistatic receivers, which therefore yielded detailed near-surface wind fields in this downburst. 14 This allowed diagnosing the wind speed some hundred meters AGL to be at or above wind maximum of 34.3 m s -1 . Two individual storms can be seen in Fig. 6a , of which the 34 western cell caused the downburst and hail up to 3-4 cm, while for the eastern cell ~40-50 km 1 southwest of the radar no detailed reports of wind damage are available. The eastern cell also 2 was out of the bistatic network's field of view (Fig. 2b) , so wind vectors could only be 3 derived for the western cell 1 , for which Fig. 6a shows that a gust front precedes the northern 4 flank of the storm by about 5 km. The eastern cell also generates a gust front, which is 5 however weaker than with the other storm. 6
A striking feature of the western cell is the apparent echo-free notch to the south-7 southwest of its core. The radar beam is so much attenuated in this sector by the heavy 8 precipitation and hail in the storm's centre that no signal is returned to the radar. Based on the 9 time sequence of the radar images and the acquired polarisation data, the presence of an actual 10 weak-echo region could be excluded as a candidate to explain the echo-free region. Such 11 strong attenuation is known to be a reliable sign of storm severity. At that time, the storm 12 could well be seen from the DLR radar site and displayed a very dark forward flank. Based on 13 the radar observations and its visual appearance, the air traffic control (ATC) at 14
Oberpfaffenhofen airport was warned of the storm, and ATC advised the small aircraft flying 15 at this time to land before the cell could directly affect the airport. Only the PPI scans of this day provide the full set of polarimetric parameters for 28 testing the Atlas hypothesis for downburst initiation. In addition, due to the dense 29 precipitation core of the western cell, the radar beam is strongly affected by attenuation. Thus, 30 the interpretation of the hydrometeor classification must be performed very carefully (cf. 31 1 hail is found at the forward flank of the downburst-producing thunderstorms, so we cannot 2 exclude that melting processes may have played a significant role in the creation of the initial 3 downdraft. 4 The period from 8 to 10 July 2002 formed the main evaluation period for the VERTIKATOR 7 Alpine field campaign, marking the transition from a hot, clear-sky period with a strong 8
Alpine heat low until 8 July, to the formation of isolated severe storms on 9 July, and to a 9 squall-line and later on derecho-producing situation on 10 July (Gatzen, 2004) . 10 On 9 July, storms developed in the warm sector air mass ahead of a cold front crossing 11
Europe. At 1200 UTC, convection developed within the northern Alps. The first convective 12 cells propagated north-easterly into the Alpine Foreland a few hours later, reaching the radar 13 observation area ( At 1800 UTC, there is an almost saturated layer at about 575 hPa from which the 26 temperature increases nearly dry-adiabatically towards the ground, in particular below 27 750 hPa. Simultaneously, the moisture decreases continuously towards the surface and leads 28 to a wedge-or triangle-shaped area between temperature and dewpoint curves in the skew-T, 29 log-p diagram. This is a necessary ingredient for development of vigorous downdrafts from 30 thunderstorms. Besides, the directional shear had increased from 1200 to 1800 UTC, while 31 CAPE was maintained at about 930 J kg -1 . Consequently, thermodynamic conditions became 32 cell moved to the north-northwest and thus quickly merged with the western cell after 1500 UTC. Other thunderstorms north of Munich (not shown) moved more or less from west to east. more favourable for the development of F1-microbursts later in the day, which occurred for 1 instance north of Augsburg (cf. Fig. 2 ) as the storms continued to propagate northeastwards 2 away from the Alps. The downburst about 15 km southwest of Munich between 1730 and 1745 UTC is 19 documented in Fig. 9 . Serendipitous high-quality photographs of the storm were taken 20 towards the southwest (Fig. 9a) with POLDIRAD being located some 10 km to the right from 21 the photographer's point of view (Fig. 9b) . The wall cloud of the likely supercell 22 thunderstorm in the foreground is formed from very moist surface air drawn into the updraft 23 and leading to the lowering of the cloud base. A very dense and opaque precipitation core 24 over the downburst area can be seen in the background. There, the largest hail and the wind 25 damage in the forest were observed by storm chasers. 26
In the same time period, several vertical cross sections through this thunderstorm were 27 made, of which the one shown in Fig. 9c intersects the storm roughly through its centre, see 28 indicators for the downburst-producing storms, the information contained in the atmospheric 14 soundings has not been fully exploited yet. where H m is the height of the melting layer in km AGL, r 1 is the average mixing ratio in the 27 lowest 1 km AGL, Γ denotes the bulk lapse rate in K km -1 between the surface and the 28 freezing level, and r m is the mixing ratio at the melting level. 29
Eq. (1) is supported by theoretical arguments, but its design is highly empirical. It is 30 based on the fact that downdrafts originate at about the melting level, and that their kinetic 31 energy is proportional to the depth of the descent and the square of the lapse rate over this 32 depth and exceeding a certain threshold (Srivastava, 1985 (Srivastava, , 1987 . McCann (1994) motivated 33 the use of an average of r 1 over the lowest kilometre AGL with the argument that r 1 is a more 34 robust and representative quantity compared to taking the mixing ratio at a single level only, 1 like at 1 km AGL as a proxy of moisture at the top of the boundary layer. To compute r 1 , first 2 specific humidity q being the relevant conservative quantity is derived from 3 4 q = r / (1 + r) . (2) 5 6 After computing ρ from the ideal gas law, the low-level specific humidity q 1 follows from 7 8 9 10 and can be used to derive r 1 from an inversion of Eq. (2). Note that depending on the actual 11 lapse rate, the radicand in Eq. (1) may become negative. In these cases, WI is held fixed at 12 zero, as it smoothly approaches zero for smaller and smaller values of Γ. Here, ρ 500 is the air density at the 500 hPa level and ρ s is the air density at the surface. U 500 is 1 the wind (in knots) at the 500 hPa level, and α is an empirical constant (0 < α < 1) to tune 2 GUSTEX to observed high winds at the surface. The index n in Eq. (4) distinguishes the 3 alternatives in WINDEX computation from the distinction between Γ 1 and Γ 2 in Eq. (1). From 4 his data, Geerts (2001) selected α = 0.6 and replaced ρ 500 / ρ s by its approximate value 0.5. In 5 the present paper, the term ρ 500 / ρ s is retained, and α = 0.6 is only used for consistency with 6 Geerts (2001) in GU 1 and GU 2 . 7 Geerts (2001) had made an aside that instead of using the momentum at the 500 hPa-8 level in Eq. (4), "perhaps a density-weighted mean wind between the 1 and 5 km AGL levels 9 would have been a better choice" -in other words, the average momentum confined between 10 these two levels. We confirm that this should indeed be a better choice, in line with the 11 reasoning mentioned above concerning the choice of r 1 : If vertical advection of high 12 momentum aloft is to be represented in a forecast index, then an average over the depth of the 13 layer likely contributing to the downdraft is preferable compared to any arbitrarily chosen 14 single mid-tropospheric level. This yields GUSTEX parameters GU 3 and GU 4 , for which the alternative again follows from 28 the two ways to compute WI with different choices of Γ. Accordingly, GU 2 1200 UTC soundings will be the most relevant to probe the pre-convection airmass, and they 3 will also be available from all stations. Soundings at 1800 or even 1500 UTC might also serve 4 as adequate proximity soundings (Brooks et al., 1994), but these will usually not be available 5 routinely. To derive the data in Table 3 , we have used the 1200 UTC soundings, but also 6 evaluated all other soundings during the days with severe weather. In most cases, these were 7 the 0000 UTC soundings, but occasionally also 0600 or 1800 UTC radiosondes, especially 8 during the VERTIKATOR IOP from 8 to 10 July 2002. 9
To augment the database for our study, we have added 8 July 2002, a fair-weather day, 10 to the VERTIKATOR cases discussed in Sec. 3, as well as some more severe weather cases 11 that had been studied earlier on, for instance, the Munich hailstorm of The indices from Eqs. (1), (4) and (6) were computed for all these cases and compared 21 to the observed convective wind gusts or corresponding wind damage ( Table 3 ). The two WI 22 and four GU parameters are also shown for all 29 investigated soundings in Table 3, where  23 the indices have been converted from knots to m s -1 for convenience. Note that the 24 internationally most widely-used threshold for damaging straight-line winds is 25 m s -1 , so 25 cases in which WI n or GU n remain below his threshold will not be counted as severe. 26 Munich soundings of 8 July, 1200 and 1800 UTC: WI was dominated by a large altitude of 4 the melting layer close to the 600 hPa level (but with a relatively low LCL at about 770 hPa) 5 as well as dry air and a nearly moist adiabatic lapse rate throughout most of the troposphere. 6
Thus any moist downdrafts originating from the melting layer region would have experienced 7 nearly uninhibited downward acceleration on their way to the ground. In fact, this might have 8 been a day on which to expect dry downbursts, had there only been any saturated downdrafts 9 starting farther aloft. 10 So in principle, WINDEX performed rather well in diagnosing the dry downburst 11 potential on this particular day, but as there were no high-level moist downdrafts, any air 12 masses going down warmed dry-adiabatically and were quickly decelerated after becoming 13 warmer than the environment. Given the relatively weak flow below 5 km AGL, it is 14 reassuring that extending WINDEX to GUSTEX by adding the influence of the airflow aloft 15 does not increase the values for 8 July further, but lowers them at least for GU 1 and GU 2 The reason for this effect is obvious: The choice of α = 0.6 in Eq. (4) downgrades the 25 thermodynamic potential for downbursts, so that quite strong winds at the 500 hPa-level 26 would have to be present to compensate or even to outweigh this low emphasis placed on WI 27 in Eq. (4). While α = 0.6 may have been a good choice for the Australian downbursts of 28 Geerts (2001) , it is apparently not a good choice for our cases. In general, tuning parameters 29 like α which may depend on the regional downburst climatology (or even the dataset of 30 events used to "train" the forecast index) complicate or even prevent its general applicability. 31
Certainly, good aspects of our new formulation of GUSTEX according to Eq. (6) are 32 that there is no tuning parameter α any more and that the dynamical term captures the mean 33 momentum between 1 and 5 km AGL, not just the 500 hPa level as in the original GUSTEX 1 formulation. For our database of events, the new GU 3 (and GU 4 at 1200 UTC) yields the 2 highest forecast wind speeds. Now even a few of the 0000 UTC (but none from 0600 UTC) 3 produce substantial index values, however, these normally remain below the 25 m s 
Discussion
29
The major focal points of this work were to investigate 30 1. if (thermo-)dynamic setups for downbursts similar to those in the USA exist in Europe; 31 2. which processes likely lead to the initial downdraft formation and later intensification; 32 3. if aside from radar nowcasting also operationally useable forecast parameters exist to 1 estimate the downburst potential on days when thunderstorms are forecast. 2
Our study provided answers for all three points, albeit based on a preliminary sample of cases. 3
The first point was easiest to clarify. Wet downbursts are quite common events, and their 4 environments in Europe do not appear to differ substantially from those in the USA or 5 elsewhere in the world. While dry microburst environments seem to be rare in Europe due to 6 the absence of very deep (2 to 4 km) dry-adiabatic planetary boundary layers in most regions 7 (except probably in central Spain -see the 7 July 2007, 1200 UTC Madrid sounding), we 8 found evidence that even the Munich sounding on 8 July 2002 had some dry downburst 9 potential which, however, did not materialise due to the lack of high-based clouds. 10
The second point concerning the trigger mechanism for the initial downdraft formation 11 is more difficult to clarify. The direct hydrometeor drag by large hailstones seems to be of 12 secondary importance at best, as on all three days investigated, large hail was limited to a 13 small portion of the thunderstorm volume. Evaporation of rain has certainly contributed to the 14 intensification of the downdrafts below cloud base, but is unlikely to have played a major role 15 in forming the initial drafts, as the airflow towards the ground has apparently originated 16 higher up, above cloud base, where also the environmental air showed small spreads between 17 temperature and dewpoint. So we have some confidence that the melting of smaller frozen 18 hydrometeors was the most likely candidate process for downdraft initiation in our cases. 19 To become intense, downbursts should originate at or above well-mixed layers with 20 steep lapse rates, in order to have the whole depth of the mixed layer for acceleration towards 21 the ground. Such layers existed on all three VERTIKATOR days studied here, and their top 22 level was at about the freezing level, where also the highest relative humidity was found, 23 approaching saturation on 21 June and 9 July. Under these ambient conditions, evaporation is 24 an inefficient process. Melting, however, is increasingly effective for higher relative 25 humidity, as also stressed by Atlas et al. (2004) . 26
These circumstances, complemented by the POLDIRAD radar measurements 27 presented here, support the conclusion that the melting of ice particles like smaller hailstones 28 or graupel plays an important role in wet downburst formation in Central Europe as well. 29 While this conclusion needs further confirmation from a larger set of studied cases, we may 30 stress the importance to exploit the capabilities of modern polarimetric radar to detect in-31
cloud regions with melting hail or graupel and to use it in nowcasting algorithms to warn of 32 an imminent downburst threat. 33
As shown above, especially the new GU 3 and GU 4 indices performed rather well, at 1 least for the still relatively small sample of events analysed here. In general, applicability of 2 WINDEX or GUSTEX depends on the timing of available proximity radiosonde relative to 3 the start of severe convective storms, as well as on the local climatology of microbursts. 4
The indices GU 3 and GU 4 using the 1200 or 1800 UTC soundings seem to be the most 5 suitable for representing the downburst probability for the studied cases. At other times of the 6 day, for example during the night, GU 3 and GU 4 may also yield high values when the setup is 7 conducive for downburst-producing storms, but when the convective initiation is missing, for 8 instance, due to lack of solar heating. In such cases, a parallel inspection of WI can identify 9 these cases which only lead to high GU 3 and GU 4 values because of strong mid-tropospheric 10 flow. And apparently, real attention to the indices should only be paid if the GU 3 and GU 4 12 Contrary to what Geerts (2001) reported, his GU 1 and GU 2 can sometimes lead to a 13 degradation of the basic WI values. This is generally not a desired feature and can lead to 14 quite significant under-predictions, as shown in Table 3 • The melting of smaller hail or graupel appears as the best candidate for cooling air near 25 the melting layer to make it negatively buoyant. During its descent below cloud base, also 26 evaporation of rain may become significant in accelerating the downdraft to downburst 27 intensity. There is no evidence that hydrometeor drag of large hail may have triggered the 28 downdrafts; 29
• Thermodynamic soundings with deep, steep lapse rate layers, supporting wet or even dry 30 microbursts do exist in Europe. Over the Alpine foreland, the nearby Alps likely have 31 assisted in creating these soundings by superposing an elevated mixed layer atop the 32 convective boundary layer. In this case, nearly the whole layer below the freezing level 1 may become close to dry-adiabatic; 2
• Our study presented the first wind vector fields in a downburst measured by a bistatic C-3 band polarimetric radar network. The bistatic radar was much better suited to detect 4 downburst structure and intensity than POLDIRAD alone; 5
• As bistatic networks will remain the exception, the upcoming operational polarimetric 6 surveillance radar generation should be equipped with optimised nowcasting algorithms 7 allowing automatic detection of layers with melting small hail for early warning of 8 potential downburst initiation or detection of developing intense downdrafts; 9
• The WINDEX and GUSTEX indices performed well for the wet downburst cases 10 analysed here. This holds in particular for our modified formulation of GUSTEX, that is 11 GU 3 or GU 4 . Future work based on a much larger sample of soundings will help to 12 quantify this result in terms of skill scores; 13
• The skill can be assessed for two applications of WINDEX and GUSTEX: Either to only 14 diagnose if damaging wind gusts might occur at all, or to also predict their intensity. 15
Given the limited chance to adequately sample the maximum gusts on a given day from 16 wind measurements or severe storm reports, we argue that using WI and GU merely to 17 distinguish between damaging downburst days and non-severe days might show a higher 18 skill; 19
• A procedure to apply GU 3 Table  30 2). Note the hailspike signature. Here, the bars above labels a-e denote the diurnal cycle for cases in which time was only reported as "morning", "midday", "afternoon", "evening", or "night", respectively. (c) provides the annual cycle by months and by days (d). Accumulated reports per day are shown as impulses, 15-day running averages depict the annual cycles of downburst days (bold) and downburst reports (thin). The downburst intensity distribution over F-scale is shown for all rated cases (e) and for the period 1950-2005 only (f). The data also contain an insignificant number of cases which may have been either downbursts or tornadoes (labelled TD). Table 2 ). The horizontal grid lines in the figure denote altitude levels 5 km and 10 km above radar (radar elevation is 602.5 m ASL). Table  2 ). Note the hailspike signature. Table 2 ) of RHI scans (215° azimuth) at 1536 UTC on 9 July 2002. In (a), a layer with enhanced ZDR values around or above 2 dB can be seen between 55 and 62 km range, and (b) reveals hydrometeor classes 4 and 6 to 9 in the same region, of which 6 and 8 are indicative of a region with melting or wet hail. 
